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Abstract 

Orthorhombic  LiMn02  was  synthesized  via  the  sol-gel  process  using  citric  acid  as  a  chelating  agent.  The  effect  of  varying  the  molar  acid  to 
metal  ions  ratio  ( R )  on  the  structural  and  electrochemical  properties  of  the  synthesized  compound  was  studied.  Samples  with  high  R(R  =  1,2) 
contain  large  amount  of  MnO  impurity  phase,  which  is  electrochemically  inactive  and  thus  is  detrimental  to  the  electrochemical  activity  of  the 
electrode.  Therefore,  the  acid  to  metal  ions  ratio  “/?”  should  not  be  high.  Samples  with  low  R(R  =  0.5)  exhibited  a  high  initial  capacity,  above 
190  mAh/g  when  cycled  at  a  current  density  of  0.4  mA/cm‘  at  room  temperature.  The  ac  impedance  results  show  that  the  initial  capacity  was 
improved  (compared  with  ss-oLiMn02)  due  to  the  smaller  particle  size  and  good  homogeneity,  which  improves  the  Li+  diffusion  in  the 
cathode. 
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1.  Introduction 

Lithium  manganese  oxide  compounds  are  major  candi¬ 
dates  for  low  cost  and  safe  cathode  materials  in  lithium 
rechargeable  batteries.  Batteries  utilizing  the  LiMn204  spi¬ 
nel  compound  have  already  been  commercialized.  LiMn204 
spinel  has  shown  excellent  cycle  performance  at  room 
temperature  in  the  4  V  region.  However,  it  shows  a  sig¬ 
nificant  capacity  loss  when  cycled  in  the  (3  +  4)  V  region  as 
well  as  at  high  temperature  [1,2].  A  tetragonal  to  cubic 
structure  change  occurs  when  the  average  manganese 
valence  reaches  about  3.5.  It  is  the  critical  concentration 

Q  I 

of  Mn  that  leads  to  the  Jahn-Teller  distortion  responsible 
for  the  change  [3].  LiMn02  (both  orthorhombic  and  mono¬ 
clinic)  materials  exhibit  better  cycle  performances  than 
LiMn204  spinel  when  used  over  a  wide  voltage  region 
[4,5].  A  preliminary  electrochemical  study  of  orthorhombic 
samples  (o-LiMn02)  revealed  a  link  between  electrochemi¬ 
cal  performance  and  the  crystallization  state  of  this  com¬ 
pound  when  used  as  the  positive  electrode  in  lithium 
secondary  batteries  [6].  Previous  work  had  revealed  that 
the  smaller  the  sample  crystals/crystallites,  the  more  Li  can 
be  removed  from  the  LiMn02,  so  that  better  electrode 
performance  could  be  expected  for  oLiMn02  with  small 
crystallite/crystals  [7]. 

Sol-gel  synthesis  is  one  of  the  promising  solution-based 
methods  that  has  been  widely  used  to  synthesize  materials 


Corresponding  author.  Fax:  +61-2-4221-5731. 
E-mail  address:  zg04@uow.edu.au  (Z.P.  Guo). 


with  good  battery  activity.  Many  transition  metal  oxides  like 
LiCo02  [8],  LiNi02  [9],  and  LiMn204  spinel  [10],  synthe¬ 
sized  using  the  sol-gel  process,  have  improved  electroche¬ 
mical  performance.  This  kind  of  synthesis  allows  a  better 
control  of  the  morphology  and  texture  of  solid  particles. 
Recently,  we  reported  that  LiCo02  material  prepared  by  the 
sol-gel  method  showed  good  cyclability  [11].  The  present 
paper  describes  the  structural  and  electrochemical  properties 
of  o-LiMn02  synthesized  using  citric  acid  as  a  chelating 
agent.  Although  o-LiMn02  has  been  widely  studied,  the 
synthesis  of  o-LiMn02  using  citric  acid  as  a  chelating  agent 
has  not  been  reported  to  the  best  of  our  knowledge.  Varying 
the  acid  to  metal  ion  ratio  and  its  effects  on  the  structural  and 
electrochemical  properties  of  o-LiMn02  are  described  in 
detail. 

2.  Experimental 

The  6>-LiMn02  material  was  synthesized  using  Mn(CH3- 
C00)2-4H20  (Aldrich  99.5%),  Li(CH3C00)-2H20  (Aldrich 
99.5%)  and  citric  acid  (Aldrich  99%)  as  starting  materials. 
Mn(CH3C00)2-4H20  and  Li(CH3C00)-2H20  were 
weighed  according  to  a  cationic  ratio  1:1  and  made  into  a 
saturated  solution  in  ethyl  alcohol.  The  extensively  mixed 
alcoholic  solutions  of  lithium  and  manganese  acetate,  and 
citric  acid  were  added  to  alcohol  under  constant  stirring.  The 
acid  to  metal  ions  ratio  R  was  set  at  0.5, 1  and  2  for  the  various 
samples.  The  mixture  was  then  heated  under  constant  stirring 
at  80  °C  for  2  h,  which  made  the  mixture  denser  and  formed 
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the  “gel”.  The  gel  was  heated  at  1 10  °C  under  vacuum  for  4  h. 
The  dried  gel  was  collected  and  subjected  to  further  heat 
treatment  at  800  °C  for  12  h  under  a  flow  of  argon. 

Powder  X-ray  diffraction  (1730  X-ray  diffractometer) 
using  Cu  Koc  radiation  was  employed  to  identify  the  crystal¬ 
line  phase  of  the  synthesized  materials.  The  particle 
morphologies  of  the  resulting  compound  were  observed 
using  a  scanning  electron  microscope  (SEM). 

The  electrochemical  characterizations  were  performed 
using  Teflon  cells.  The  cathode  was  prepared  by  mixing 
c>-LiMn02  powder  with  10  wt.%  carbon  black  and  5  wt.% 
polyvinylidene  fluoride  (PVDF)  solution.  The  o-LiMn02 
and  carbon  black  powders  were  first  added  to  a  solution  of 
PVDF  in  V-methyl-2-pyrrolidinone  (NMP)  to  make  a  slurry 
with  appropriate  viscosity.  The  mixture  was  then  coated  on 
to  Al  foil.  After  the  electrode  was  dried  at  140  °C  for  2  h  in 
vacuum,  it  was  compressed  at  about  150  kg/cnT.  Teflon  test 
cells  were  assembled  in  an  argon  filled  glove  box,  where  the 
counter  electrode  was  Fi  metal  and  the  electrolyte  was  1  M 
FiPF6  dissolved  in  a  50/50  vol.%  mixture  of  ethylene  car¬ 
bonate  (EC)  and  dimethyl  carbonate  (DMC).  These  cells 
were  cycled  between  2.0  and  4.4  V  at  room  temperature  to 
measure  the  electrochemical  response.  The  ac  impedance 
measurements  were  carried  out  utilizing  an  EG&G  Model 
6310  electrochemical  impedance  analyzer.  Electrochemical 
impedance  software  (EG&G  Model  398)  was  used  to  control 
a  computer  for  conductivity  and  stability  measurements.  The 
ac  impedance  was  measured  potentiostatically  over  a  fre¬ 
quency  range  of  100  kHz  to  0.01  Hz  at  six  points  per  decade 
of  frequency  with  a  5  mV  ac  input  signal  applied  between  the 
working  and  reference  electrodes. 

3.  Results  and  discussions 

3.1.  Crystal  structure 

The  X-ray  patterns  recorded  for  the  synthesized  com¬ 
pounds  with  different  R  values  compared  to  those  of 


c>-LiMn02  prepared  by  solid-state  reaction  are  shown  in 
Fig.  E  The  main  peaks  for  the  orthorhombic  phase  are 
labeled  with  their  hkl  indices.  Positions  for  peaks  character¬ 
istic  of  monoclinic  Li2Mn03  phase  and  MnO  are  indicated. 
Compared  with  the  <?-LiMn02  prepared  by  solid-state  reac¬ 
tion  with  Li/Mn  =  1.05  calcined  at  1000  °C  for  12  h  (ss-o- 
LiMn02),  no  significant  broadening  of  the  XRD  peaks  in 
sg-o-LiMn02  (c>-LiMn02  prepared  by  sol-gel  method)  was 
observed.  A  monoclinic  Li2Mn03  phase  was  observed  in 
XRD  patterns  for  the  solid-state  reaction  sample  and  the  sol- 
gel  sample  with  R  =  0.5.  With  R  increased  to  higher  values, 
no  Li2Mn03  impurity  phase  was  observed  in  the  XRD 
patterns,  but  a  MnO  phase  emerged;  MnO  peaks  merged 
with  (1  10),  (1  1  1)  and  (13  0)  peaks  from  oLiMn02,  so 
that  three  strong  peaks  can  be  observed  in  the  XRD  patterns. 
Possible  reasons  for  this  could  be  that,  with  larger  R  values, 
the  amount  of  the  organic  groups  increased  in  the  precursors. 
These  organic  groups  could  react  during  sintering  with  free 
oxygen  (diluted  in  argon)  and  yield  C02  [12],  thus  decreas¬ 
ing  the  oxygen  content  of  the  gas.  Tang  et  al.  reported  that 
the  transformation  of  o-LiMn02  into  a  mixture  of  LiMn204 
and  Li2Mn03  was  accompanied  by  the  absorption  of  oxygen 
gas  during  the  calcination  process  (3LiMn02  +  (l/2)02  — » 
Li2Mn03  -f-LiMn204)  [13].  Therefore,  a  decrease  of  oxy¬ 
gen  content  in  atmosphere  will  reduce  the  impurity  phase 
Li2Mn03.  On  the  other  hand,  with  decreases  in  the  partial 
pressure  of  oxygen,  samples  contain  MnO  impurity  phase 
because  of  the  stronger  reducing  conditions  [14].  In  practice, 
it  is  not  easy  to  control  the  formation  of  a  single-phase 
LiMn02  product  under  these  conditions.  This  is  consistent 
with  the  attempts  of  Barboux  et  al.  to  synthesize  Li2Mn204 
from  manganese  acetate  and  lithium  acetate  by  annealing 
the  reagents  at  400  °C  at  low  oxygen  pressures  in  argon  [15]. 
The  presence  of  large  amounts  of  MnO  could  be  detrimental 
to  the  electrochemical  activity  of  the  spinel  electrode, 
because  MnO  is  electrochemically  inactive.  Therefore,  the 
ratio  between  acid  and  metal  ions  should  not  be  too  high 
(lower  than  1).  Other  phenomena  observed  from  the  XRD 
patterns  are  that  the  intensity  ratios  of  the  (0  2  1)/(1  0  1)  and 
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Fig.  1.  XRD  patterns  of  sg-o-LiMn02  and  ss-o-LiMn02  materials  (Li/Mn  =  1.05  in  precursor,  and  ss-0-LiMnO2  material  calcined  at  1000  °C  for  12  h).  (y) 
Monoclinic  Li2Mn03,  (*)  MnO.  (a)  ss-0-LiMnO2;  (b)  sg-0-LiMnO2,  R  —  2;  (c)  sg-0-LiMnO2,  R  =  1;  (d)  sg-0-LiMnO2,  R  —  0.5. 
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Table  1 

o 

Orthorhombic  unit  cell  parameters  (A)  for  LiMn02  materials  prepared  by 
the  sol-gel  method  with  different  R  ratios  ( R :  molar  ratio  of  the  acid  to 
metal  ions) 


a 

b 

c 

R  =  2 

2.805  ±  0.001 

5.752  ±  0.001 

4.593  ±  0.001 

R  =  1 

2.802  ±  0.001 

5.754  ±  0.001 

4.588  ±  0.002 

R  =  0.5 

2.801  ±  0.001 

5.750  ±  0.002 

4.583  ±  0.002 

Solid-state 

2.806  ±  0.001 

5.755  ±  0.002 

4.574  ±  0.001 

reaction  sample 

(0  0  2)/(0  1  2)  peaks  from  the  different  o-FiMn02  samples 
are  different.  Although  the  differences  in  the  intensity  ratios 
of  peaks  can  still  not  be  conclusively  explained,  we  believe 
that  different  preparation  methods  caused  different  degrees 
of  structural  disorder.  The  o-FiMn02  phase  has  a  distorted 
cubic  close-packed  oxygen  array  with  alternating  zigzag 
layers  of  Li  and  Mn  cations.  Unit  cell  parameters  for  the 
orthorhombic  LiMn02  phases  are  reported  in  Table  1 .  It  was 
found  that  different  preparation  methods  affect  the  overall 
lattice  constants  of  o-LiMn02.  The  change  in  acid  to  metal 
ion  ratio  ( R )  has  a  direct  impact  on  pH,  and  solution-based 
synthesis  methods  are  sensitive  to  pH,  which  determines  the 
formation  of  the  compound  as  well  as  its  electrochemical 
performance.  On  the  other  hand,  the  self-igniting  property  of 
the  organic  groups  involved  in  the  precursors  has  a  direct 
effect  on  the  oxygen  partial  pressure  during  synthesis.  The 
sudden  variation  in  the  oxygen  partial  pressure  has  an  effect 
on  the  compound  formation. 

The  scanning  electron  micrographs  (SEM)  of  o-LiMn02 
powders  calcined  at  800  °C  for  12  h  for  different  R  are 
similar.  (A  typical  SEM  image  is  shown  in  Fig.  2b.) 
Compared  with  the  particle  sizes  from  the  SEM  image  of 
ss-oLiMn02  (2-15  pm)  (Fig.  2a),  the  sol-gel  method  par¬ 
ticle  size  is  much  smaller  (below  200  nm).  The  micrograph 
shows  homogeneous  distribution  of  the  particles. 

3.2.  Electrochemical  characteristics 


Fig.  2.  (a)  SEM  image  of  ss-6>-LiMn02  material;  (b)  typical  SEM  image  of 
sg-o-LiMn02  material. 


sg-oLiMn02  samples  are  the  same  (with  two  plateaux  at 
and  3  V).  This  means  that  the  ss-6>-FiMn02  samples  are 
likely  to  contain  a  substantial  amount  of  unreacted 
c>-LiMn02  phase,  probably  in  the  crystal  core,  i.e.  covered 
by  a  spinel-type  phase  present  at  the  crystal  surface. 


Teflon  test  cells  containing  o-LiMn02  materials  were 
cycled  at  room  temperature.  The  cells  were  cycled  in  a 
voltage  window  of  2. 0-4.4  Vat  a  constant  current  density  of 
0.4  mA/cnr.  Fig.  3  shows  the  evolution  of  the  discharge 
specific  capacity  versus  the  number  of  cycles.  Following  the 
phase  transition  occurring  at  the  first  charge,  several  cycles 
appear  necessary  for  the  materials  to  reach  their  optimal 
capacity,  up  to  18  cycles  at  a  current  density  of  0.4  mA/cm 
in  the  case  of  the  ss-o-FiMn02  compounds,  while  the  initial 
discharge  capacity  is  just  about  30  mAh /g.  In  contrast,  the 
full  capacity  is  obtained  almost  from  the  first  cycle  for  the 
sg-oFiMn02  material  with  R  =  0.5.  The  initial  capacity  is 
more  than  190  mAh/g  at  room  temperature  for  the  sg-o- 
FiMn02  (. R  =  0.5)  sample.  This  is  likely  to  be  related  to 
kinetic  reasons,  since  in  spite  of  very  different  reversible 
capacities,  the  discharge  profiles  of  the  ss-c>-FiMn02  and 


Fig.  3.  Discharge  specific  capacity  vs.  cycle  number  of  c>-LiMn02  samples 
cycled  at  0.4  mA/cm2  in  the  4. 4-2.0  V  range. 
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Fig.  4.  (a)  XRD  pattern  of  o-LiMn02.  Comparison  between  the  X-ray 
diffraction  patterns  of  (b)  ss-o-LiMn02  compound  and  (c)  sg-0-LiMnO2 
with  R  =  0.5  compound  after  10  cycles  at  a  current  density  of  0.4  mA/cm2. 
Clearly  the  ss-0-LiMnO2  material  retains  unreacted  o-LiMn02. 

In  order  to  check  this  hypothesis,  X-ray  diffraction  pat¬ 
terns  were  recorded  for  powders  retrieved  from  the  cell 
positive  electrodes  after  several  charge/discharge  cycles  (the 
ss-c>-LiMn02  and  the  sg-o-LiMn02  with  R  =  0.5  phases  are 
compared  here)  (Fig.  4).  This  study  shows  that  after  more 
than  10  cycles,  6>-LiMn02  is  still  present  in  the  ss-6>-LiMn02 
materials,  whereas  it  has  completely  disappeared  in  the  sg-c>- 
LiMn02  (R  =  0.5)  compound. 

To  investigate  the  kinetics  of  the  electrode  process,  ac 
impedance  measurements  were  conducted.  The  Nyquist 
plots  obtained  for  ss-<9-LiMn02  and  sg-o-LiMn02  (R  =  0.5) 


are  shown  in  Fig.  5.  EIS  experiments  were  performed  on 
working  electrodes  in  the  OCV  state.  Just  one  semicircle  was 
observed  in  the  OCV  state  for  both  samples.  In  the  low 
frequency  region  a  straight  line  was  obtained  which  repre¬ 
sents  a  diffusion-controlled  process  in  the  solid  electrode. 
The  semicircle  might  contain  a  contribution  due  to  the 
compaction  of  particles  in  the  composite  cathode,  i.e.  the 
inter-particle  contacts  such  as  oxide-oxide,  carbon-oxide 
and  carbon-carbon  contacts.  Therefore,  the  reduction  in  the 
diameter  of  the  arc  in  sg-o-LiMn02  (R  =  0.5)  probably  can 
be  ascribed  to  a  decrease  in  the  inter-particle  contact  resis¬ 
tance.  Zview2.3C  software  was  used  to  quantitatively  ana¬ 
lyze  the  condition  of  the  cathode,  and  the  situation  at  the 
<?-LiMn02  electrode  can  be  approximately  represented  by 
the  equivalent  circuit  in  Fig.  6.  Rs  is  the  solution  resistance  of 
the  cell,  Rct  is  the  cathode  charge  transfer  resistance,  Cd i 
represents  the  double  layer  capacitance,  and  Wo  is  a  diffusion 
impedance,  the  W0  —  T  value  represents  the  Warburg  coef¬ 
ficient,  which  is  related  to  the  diffusion  coefficient  of  the 
lithium  ions  into  the  cathode  by  the  formula:  W0  —  T  = 
L2  /D  ( L  is  the  effective  diffusion  thickness,  and  D  is  the 
effective  diffusion  coefficient  of  the  lithium  ions).  Table  2 
lists  the  results  calculated  from  ac  impedance  spectra  based 
on  the  equivalent  circuit  shown  in  Fig.  6  using  Zview2.3C 
software.  It  is  obvious  that  the  sg-c>-LiMn02  (R  =  0.5) 
compound  has  a  lower  charge-transfer  resistance  and  a  lower 
W0  —  T,  which  may  suggest  that  the  lithium  ions  diffuse 
more  easily  into  the  sg-<9-LiMn02  (R  =  0.5)  cathode  than 
into  the  ss-<9-LiMn02  cathode.  All  of  this  can  be  explained 


Fig.  5.  EIS  spectra  (Nyquist  complex  plane  plots)  for  cells  with  active  electrodes  of  ss-0-LiMnO2  and  sg-o-LiMn02  with  R  =  0.5  at  the  OCV  state. 


Fig.  6.  Equivalent  circuit  for  the  o-LiMn02  electrode  (Rs  is  the  solution  resistance  of  the  cell,  Rct  is  the  cathode  charge  transfer  resistance,  Cdi  represents  the 
double  layer  capacitance,  and  WQ  is  a  diffusion  impedance). 
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Table  2 


Results  of  ac  impedance  analysis  of  the  ss-o-LiMn02  and  sg-o-LiMn02  ( R 
—  0.5)  compounds 


Compounds 

Rs 

Rcl 

cdi(xicr6) 

W0-T 

ss-0-LiMnO2 

37.36 

71.77 

6.59 

134.2 

sg-0-LiMnO2 

31.9 

38.05 

7.08 

1.28 

(R  =  0.5) 

Rs  is  the  solution  resistance  of  the  cell,  Rct  is  the  cathode  charge  transfer 
resistance,  Cd i  represents  the  double  layer  capacitance,  and  WQ  is  a 
diffusion  impedance,  the  WQ  —  T  value  represents  the  Warburg  coefficient. 


by  the  smaller  particle  size  and  good  homogeneity  of  sg-6>- 
LiMn02.  Smaller  particle  sizes  can  increase  the  Li+-ion 
diffusion  conductivity  [16],  and  good  homogeneity  may 
improve  the  Li+  diffusion  in  the  cathode.  Consequently, 
the  improvement  in  the  electrochemical  performance  of  sg- 
<9-LiMn02  (R  =  0.5)  may  be  explained  by  two  factors,  i.e. 
the  reduction  in  the  inter-particle  contact  resistance  due  to 
the  smaller  particle  size  and  the  increase  of  the  diffusion 
efficiency  of  Li+. 

4.  Conclusion 

Orthorhombic  LiMn02  was  synthesized  via  the  sol-gel 
process  using  citric  acid  as  a  chelating  agent.  XRD  revealed 
that  the  samples  with  a  high  molar  ratio  of  acid  to  metal  ions 
R  (R  =  1,2)  contain  an  MnO  impurity  phase,  while  the 
sample  with  low  R  (R  =  0.5)  contains  a  monoclinic 
Li2Mn03  impurity  phase.  The  presence  of  MnO  could  be 
detrimental  to  the  electrochemical  activity  of  the  electrode, 
because  MnO  is  electrochemically  inactive.  Therefore,  the 
ratio  of  acid  to  metal  ions  should  not  be  too  high  (lower 


than  1).  sg-6>-LiMn02  (R  =  0.5)  exhibited  a  high  initial 
capacity,  above  190  mAh/g  when  cycled  at  a  current  density 
of  0.4  mA/cnr  at  room  temperature.  The  ac  impedance 
results  show  that  the  initial  capacity  was  improved  (com¬ 
pared  with  the  ss-<?-LiMn02)  due  to  the  smaller  particle  size 
and  good  homogeneity  which  improved  the  Li+  diffusion  in 
the  cathode. 
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